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Lipid-Conjugation of Endogenous Neuropeptides: Improved
Biotherapy against Human Pancreatic Cancer

Gopakumar Gopalakrishnan, Sinda Lepetre, Andrei Maksimenko, Simona Mura,

Didier Desmaéle, and Patrick Couvreur*

Neuropeptides are small neuronal signaling molecules that act as neuromod-
ulators for a variety of neural functions including analgesia, reproduction,
social behavior, learning, and memory. One of the endogenous neuropep-
tides—Met-Enkephalin (Met-Enk), has been shown to display an inhibitory
effect on cell proliferation and differentiation. Here, a novel lipid-modification
approach is shown to create a small library of neuropeptides that will allow
increased bioavailability and plasma stability after systemic administration. It
is demonstrated, on an experimental model of human pancreatic adenocar-

by coupling a natural and biocompat-
ible terpene- squalene (SQ)- to molecules
of great therapeutic values to form SQ-
conjugated prodrugs.’! These bioconju-
gates, due to their inherent amphiphilic
nature, spontaneously self-organized as
nanoassemblies (NAs) in water.’ Fur-
thermore, SQ-modification allowed for a
chemical encapsulation, leading to NAs
with very high drug loading (around 60%)
and absence of burst release, compared to

cinoma, that lipid conjugation of Met-Enk enhances its tumor suppression
efficacy compared to its nonlipidated counterparts, both in vitro and in vivo.
More strikingly, the in vivo studies show that a combination therapy with

a reduced concentration of Gemcitabine has suppressed the tumor growth

considerably even three weeks after the last treatment.

1. Introduction

Central nervous system (CNS) neurons corelease a variety of
neuropeptides during neurotransmission. They are small neu-
ronal signaling molecules that act as neuromodulators for a
variety of neural functions including analgesia, reproduction,
metabolism, social behavior, learning, and memory.l'! Presently,
about 100 known endogenous neuropeptides exist in the CNS
such as oxytocin, vasopressin, endorphins, endomorphins,
enkephalins, etc.Zl Although peptide-based therapy has gained
great interest recently due to their therapeutic effects against
various diseases, their wide use as active therapeutics is largely
hindered by their short plasma life-time.!

We have previously developed a unique lipid-modification
of small hydrophilic drug molecules with very short plasma
halflife (such as gemcitabine, doxorubicin, and adenosine) to
improve their efficacy in vivo.! This new concept was achieved
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the conventional physical encapsulation
into nanocarriers such as liposomes or
polymeric vesicles (around 5%).”) How-
ever, it has been a great challenge to extend
the SQ-based bioconjugation approach to
peptide molecules with higher molecular
weight (M,), due to various hurdles in
performing successful conjugation reactions. Thus, the context
of the present study is to establish a generic lipid-modification
method that could apply to various active therapeutic peptides
in order to design a library of peptide-based nanomedicines. As
a proof of concept, four different endogenous neuropeptides
[Met-Enkephalin (Met-Enk), Leu-Enkephalin (Leu-Enk), Endo-
morphin-1 (EM-1), and Endomorphin-2 (EM-2)] were used in
this study due to their great potential as biotherapeutic agents
but whose application in pharmacy is dramatically hindered by
rapid metabolism and low bioavailability after administration.®!
Here, we developed simple bioconjugation methods using
SQ, the precursor in cholesterol biosynthesis, to lipidate dif-
ferent neuropeptides. This approach yielded amphiphilic SQ-
neuropeptide bioconjugates that could potentially act as prod-
rugs-based nanoparticles with pharmacological activity.

2. Results and Discussion

Scheme 1 depicts the bioconjugation approaches that were typi-
cally employed for the lipid modification of neuropeptides using
appropriate SQ derivatives. Since solid-supported peptides pose
the risk of possible SQ degradation during Trifluoroacetic acid
(TFA) treatment that is commonly employed for the peptide-resin
cleavage, a postsynthetic strategy was designed. The bioconjuga-
tion was carried out using peptide coupling reactions by either
(i) activating the —COOH group of the neuropeptide (Leu-Enk
and Met-Enk) with a potent coupling reagent such as HATU (due
to the steric hindrance imparts from the coiled structure of SQ)
to react with SQ-NH, (Scheme 1A) or (i) via the -NH, of the
neuropeptides (EM-1 and EM-2) to react with an amine reactive
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be calculated and expressed in % (Table 1).
SQ-modification of peptides allowed the
formation of NAs with higher drug loading
(from 59% to 62%) compared to conven-
tional drug carriers, when peptides are only
physically encapsulated (generally drug
loading is lower than 10%). Figure 1 shows
representative cryo-EM images of the SAN
NAs formed at concentrations of 2 mg mL™

1) SQCH;NH,, in an aqueous solution of 5% dextrose. They
HATU/HOB, . . .
o ey 20°C, 4h . Lo dlsplaye.d sp.hencal and monodisperse struc-
e A~ R Ky /-\H/N cop 2 F;geefgi"‘;:, HWN\)\H/\WN CONHSQ tures (size discrepancy between .the Cryo-EM
Ho H \Q : o o and DLS methods could be attributed to the
o SMe known hydrodynamic radius-related differ-
ences) with net surface charges ranging from
il P SQ-Met-Enk +36 to =58 mV (Table 1). The difference in
- surface charges on the SANs could be related
to the nature of amino acids that are present
\ A after the bioconjugation. For example, in the
case of Leu- and Met-Enk, the SQ bioconjuga-
B tion on the ~COOH site leaves one primary
-NH, group available (Scheme 1A), which
HO NH2 9 9 leads to a net positive surface charge. How-
N wQ NH ever, the surface charge was inversed when
SQNHS, EtsN, S .
CONH, 50°C, 48 h CONH, the conjugation with SQ was performed on
R the -NH, group. On the contrary, SQ modi-
T\Q \EO fication of EM-1 and 2 peptides leaves an
e amide terminal group available (Scheme 1B)
that leads to a nearly neutral surface charge.
SAN NAs were stable for up to a month
HO. NH2 SQNHS, EtN, NHSQ /@ at 4 °C when formed in 5% dextrose at
50°C, 48h \O\/k(o 2 mg mL™! concentration.
N CONH, N CONH,
1@ K
2.2. Neuropeptides and their Anticancer
SQ-EM-2

Activity

Scheme 1. Scheme illustrating the chemical bioconjugation steps used in obtaining SQ-neuro-

peptides. Synthesis routes for Leu- and Met-Enkephalins (A) and for Endomorphin-1 and 2 (B).

SQ-NHS under slight basic conditions (Scheme 1B). To avoid a
self-condensation of Leu- or Met-Enk (Scheme 1A), the primary
amino group of the peptides was protected with a Fmoc group.
After 48 h of reaction at room temperature under inert atmos-
phere, the N-terminal deprotection of the bioconjugate was carried
out by adding piperidine to the reaction mixture. The resulting
SQ-neuropeptides had a final yield of around 50% and were puri-
fied using silica column and characterized using NMR and MS
(see the Experimental Section and Supporting Information).

2.1. Nanoassembly Formation and Physical Characterization

The SQ-neuropeptide bioconjugates spontaneously formed NAs
in water, resulting in self-assembled neuropeptide (SAN) struc-
tures (Scheme 2). The size of NAs varied from 100 to 150 nm,
depending on the peptide and the conjugation site (Table 1).
Noteworthy, from the ratio between the M,, of the peptide (drug)
and the M, of SQ (drug transporter), the drug loading could

Though these neuropeptides are primarily
known for their opioid activities due to their
high affinity toward specific opioid recep-
tors,l”) Met-Enk has been identified as an inhibitory growth
factor in cancer and wound healing.['% Due to its unique cell
growth regulation properties, in addition to the classic agonist
activities toward mu-opioid (MOP) and delta-opioid (DOP)
receptor subtypes, this pentapeptide (Tyr—Gly—Gly—Phe—Met)
is termed as opioid growth factor (OGF).'Yl OGF functions in
direct combination with its receptor, the opioid growth factor
receptor (OGFr). OGFrs are found to be overexpressed in the

EtOH solution of
SQ-Neuropeptide

Self-Assembled
Neuropeptide (SAN)

Stirring Evaporation

5% dextrose

Scheme 2. Sketch (not to scale) depicting the procedure of preparing
SAN NAs from SQ-neuropeptide bioconjugates.
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Table 1. Table outlining the physical/chemical parameters of SAN NAs.

Neuropeptide ~ Conjugation  Size® PDIPc) Charged) Drug
site?) [nm] loading
Leu-enkephalin —COOH 147 0.174 +21 mV 60%
Met-enkephalin —COOH 130 0.181 +36 mV 61%
Endomorphin-1 -NH, 17 0.079 —0.62 mV 62%
Endomorphin-2 -NH, 103 0.107 —0.14 mV 59%
Leu-enkephalin -NH, 136 0.079 -58 mV 59%

Detailed structure in the Supporting Information; Y)polydispersity index; 9DLS
method; 9Zeta potential measurements.

nuclear membranes of several cancer cells and immune cells
such as T-cells, macrophages, and dendritic cells.' Tt has
been shown that there is an elevated level of Met-Enk in the
plasma of cancer patients, suggesting their functional roles in
such disease states.'!] This is particularly true in the case of
human pancreatic cancer in which both OGF and OGFr have
been detected at higher levels.!*]

Several groups have already suggested the use of Met-Enk
in the treatment of various types of human cancers including
pancreatic, ovarian, colon, and breast cancers.'’l Since the
mechanism of action of Met-Enk is entirely different from
standard chemotherapy agents and is nontoxic and nonapop-
totic, the treatments using Met-Enk are called “biotherapy.”
On the other hand, the widely used standard chemotherapies
are extremely toxic and have several side effects that affect the
quality of life of the patients even after potential recovery from
disease. Thus, any effort to find and/or improve novel bio-
therapy treatments for cancer and immunodeficient diseases
are of paramount importance.'”] Even though Met-Enk had
been shown to enhance some efficacy in the treatment (alone
or in combination therapy)!'¥l of various types of cancers, its
anticancer activity remains modest due to already mentioned
short plasma halflife and susceptibility to enzymes. There-
fore, it is of great importance to develop drug delivery strate-
gies to improve the stability and bioavailability of OGFs. As

Figure 1. Representative Cryo-EM images showing the formation of SAN
NAs from different SQ-neuropeptides. A) SQ-Leu-Enk, B) SQ-Met-Enk,
C) SQ-EM-1, and D) SQ-EM-2. Scale bars = 50 nm (A,D) and 100 nm
(B,C).
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Figure 2. Representative laser scanning confocal images showing the
abundance of OGFrs in MiaPACA-2 cells. The fluorescence is derived
from anti-Rabbit Alexa-555 secondary antibodies (red) that are species-
specifically bound to primary OGFr polyclonal antibodies. The nucleus
was stained using Hoechst 33342 (blue). The cells before (A) and
24 h after (B) treatment with SAME NAs are shown. Panels C and D are
zoomed-in views of panels (A) and (B), respectively. Scale bars =10 um
(A,B) and 5 um (C,D).

a first proof of concept of the pharmacological activity of our
SAN NAs, we tested self-assembled Met-Enk (SAME) NAs
as biotherapy for pancreatic tumor, an extremely devastating
disease.

2.3. In Vitro Cell Proliferation Studies

Prior to assess the anticancer activity of SAME NAs, we
checked the expression level of the OGFrs in the Mia PACA-2
human pancreatic cancer cell line by using OGFr polyclonal
primary antibodies in combination with Alexa-555 coupled sec-
ondary antibodies (red). Immunocytochemistry experiments
performed on fixed cells revealed abundance of these recep-
tors in the cytosol of Mia PACA-2 (Figure 2A,C). Image shown
in panels B and D followed similar experimental steps, except
that the cells were incubated with 50 x 10® m SAME NAs
for 24 h prior to fixation. The nuclei were labeled with Hoe-
chst stain (blue) before mounting the coverslips. The nuclei
in the latter case showed violet purplish color, which suggests
that some of the OGFrs had been translocated into the nuclei
upon binding to the Met-Enk. The mechanism that is opera-
tive here is in good agreement with what has been suggested
in literature regarding the functioning of OGF-OGFr axis to
control the DNA synthesis in the nucleus, which arrests the cell
proliferation.[1°]

Standard MTT assay was used to determine the in vitro anti-
cancer activity of SAME NAs. To be noted that unlike typical
anticancer drugs usually employed in similar experiments,
SAME NAs do not exert any cytotoxicity leading to cell death.
The cell viability data presented thus indicate the percentage of
cells that were multiplied over a three days period and not the
percentage of cells that survived a toxic insult. Figure 3A shows
the cell viability (%) of free Met-Enk (green) and SAME NAs
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Figure 3. In vitro antiproliferative activity of SAME NAs. Cell viability
of MiaPACA-2 cells was determined using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide dye in standard MTT tests. A) Viability
of Mia PACA-2 against a range of concentrations of SAME NAs (red)
indicates that lipid bioconjugation improves the effectiveness of OGF-
OGFr axis as compared to their nonlipidated counterparts (green).
B) Combined treatment of SAME NAs (at 50 and 100 x 107 m) with a
range of concentrations of Gem (from 1 to 100 X 10~ m). At 50 X 107 m
concentration, SAME NAs display a combined anticancer activity for
Gem concentrations of 10 and 50 x 10~° m, by comparison with the cell
viability of individual treatments (A). Statistical significance with con-
fidence levels of >95% (Student’s t-test with Bonferroni correction for
multiple comparisons) are indicated by * (p < 0.01), ** (p < 0.005), and
*** (p < 0.001).

(red) after 72 h of incubation at concentrations ranging from
100 x 10712 M to 100 x 107 M. SAME NAs were significantly more
efficient than free Met-Enk in reducing cell viability from a con-
centration of 1 x 10~ m (p < 0.01) until 100 X 107 m (p < 0.001)
where cell viability was only 25% for SAME and 90% for free
Met-Enk. All control experiments including 5% dextrose solu-
tion, squalenic acid nanoassemblies (SQ NAs), etc., have shown
no effect in the cell proliferation (see Figure SI.1, Supporting
Information) in similar conditions. The antiproliferative activity
of SAME NAs was further confirmed on human breast (MCEF-
7), ovarian (SK-OV-3), and colon (HT-29) cancer cell lines
(Figure SI.2, Supporting Information).

We further tested the combined efficacy of SAME NAs in
combination with gemcitabine (Gem), an anticancer compound

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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prescribed as a first line treatment in the pancreatic cancer. Prac-
tically, a range of concentrations of Gem were supplemented
with SAME NAs (50 and 100 x 107° m) and incubated with Mia-
PACA cells (Figure 3B). Remarkably, an important synergistic
antiproliferative activity of SAME NAs was noted, especially at
the lowest concentration of Gem (i.e., 1 and 10 x 10~ m). The
order of addition of either component used in the combined
therapy did not alter the in vitro anticancer efficacy.

2.4. In Vivo studies

Finally, the in vivo anticancer efficacy of SAME NAs was per-
formed on the human pancreatic carcinoma xenograft model of
Mia PACA-2. As depicted in Figure 4A, after tumors had grown
up to 100 mm?, the first group of animals received 15 mg kg™!
(eq. weight of Met-Enk) of SAME NAs by i.v. injections daily
from day 0 to 4, followed by single injections on days 7 and
10. For comparison, a second group received Met-Enk injec-
tions at same doses and intervals. A third group received same
treatments of SAME NAs as the first group, but with additional
injections of 7 mg kg™! of Gem (just after the first injection of
NAs) on days 1, 4, 7, and 10. A similar schedule was used for
the treatment with free Met-Enk associated with Gem. Finally,
treatment with Gem alone was also performed at 7 mg kg!
(days 1, 4, 7, and 10). The controls were saline and SQ NAs.
The dose schedules for all these treatments did not show any
toxicity in healthy mice (Figure SI.3, Supporting Information).

Figure 4B shows the absolute tumor volume growth over
a period of 29 days postinjection. In all the control groups,
tumors (saline and SQ NAs) grew progressively to reach
=~1500 mm? at the end of the experiment. The group of ani-
mals received SAME NAs alone (Figure 4B; red curve) showed
a significant inhibition in tumor growth (nearly 50%) between
days 10 and 15 before regrown to reach a final volume of about
50% of that of the control groups. Interestingly, the combina-
tion therapy of SAME NAs and Gem (Figure 4B; green curve)
displayed a remarkable tumor inhibition even after the injec-
tions have ended (day 10), whereas Gem alone (Figure 4B, dark
blue), Met-Enk alone (Figure 4B, pink), or the combined treat-
ment of Gem and Met-Enk (Figure 4B, blue) did not display
any anticancer activity. Moreover, the relative weight change as
seen in Figure 4C indicates absence of toxicity. The images of
the model animals that underwent the treatments are shown
(Figure 4D,E) for a clear visual understanding of the difference
in tumor growth in different experimental groups. Furthermore,
since neuropeptides are active functional neuromodulators,
we performed some basic behavioral studies on mice injected
with SAN NAs as a function of dose and time. When injected
(i.v. and i.p.) with concentrations ranging from 5 to 20 mg kg™!,
the SAN NAs-treated mice did not show any significant change
in their response to external stimuli such as light, heat, or
sound. Further studies are however required to completely rule
out any potential neurological damages and/or any positive
neurological effects resulting from SAN NAs.

Progression of cancer diseases is generally characterized
by various mechanisms, acting concomitantly. Therefore,
the treatment of neoplastic diseases is often inefficient when
using a single anticancer compound - either antimitotic or

Adv. Healthcare Mater. 2015, 4, 1015-1022
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Figure 4. In vivo anticancer activity of SAME NAs alone or in combination
with Gem (A) administration schedules and doses (B). Tumor inhibition
after treatment with SAME NAs, SAME NAs + Gem, Met-Enk, Met-Enk
+ Gem, or Gem alone. Controls are saline and drug-free squalenic acid
nanoassemblies (SQNAs). Only the groups treated either with SAME
NAs (red) or SAME NAs+Gem (green) showed tumor volume inhibition.
C) Relative weight change showing absence of toxicity for all treatments.
D,E) Representative photographs showing the mice that underwent anti-
cancer treatment. The control groups (D) showing visible tumor growth
on day 29 post-injection. The mice that were administered with SAME
NAs or SAME NAs + Gem are shown along with the reference group
that received only saline (E). The suppression of tumor volume is clearly
visible in the latter case.

antiangiogenic. In addition, a single treatment may also allow
for an easier emergence of resistances to the treatment.'” This
is the reason why it is now well documented that the combina-
tion of drugs with complementary pharmacological activity may

Adv. Healthcare Mater. 2015, 4, 1015-1022
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significantly improve anticancer efficacy.l'®l A typical example is
given here with the association of (i) Met-Enk prodrug nano-
particles, a nanoformulation of an autocrine-produced peptide
that interacts with the nuclear receptor (OGFr), allowing to
inhibit cell proliferation and (ii) Gem, a nucleoside analogue,
with cytotoxic activity resulting from DNA insult. From a toxi-
cological point of view, this approach has some obvious advan-
tages over the more classical combination of two cytotoxic
drugs, since through its adjuvant activity Met-Enk may enhance
the anticancer activity of Gem without adding any toxicity to the
treatment.

3. Conclusion

In summary, this study demonstrates that the linkage of dif-
ferent neuropeptides to squalene in various chemical positions
allows the production of a library of nanoassemblies. Since
neuropeptides are very unstable molecules, highly sensitive to
enzymatic degradation, it was expected that this approach will
improve the delivery and hence the pharmacological activity of
such fragile molecules. We provide here a first proof of con-
cept with Met-Enkephalin, a ligand of the opioid growth factor
receptor involved in tumor progression. It was found that
when linked to squalene and administered as nanoparticles,
Met-Enkephalin was capable to induce significant inhibition
of human experimental pancreatic cancer. More strikingly,
when used in combination with a classical chemotherapy, like
Gem, an additive pharmacological activity could be obtained.
This is an important observation, which could allow to reduce
the doses of chemotherapeutics, thus also decreasing tox-
icity and side effects which represent a major limitation in
cancer treatment. Since neuropeptides have great potential in
treating various CNS disorders, including pain, further experi-
ments are ongoing to establish the potential of these new
SAN nanoassemblies for drug delivery across the blood brain
barrier.

4. Experimental Section

General: Chemicals obtained from commercial suppliers were used
without further purification. SQ, 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium  3-oxid hexafluorophosphate (HATU),
1-hydroxybenzotriazole (HOBt) were obtained from Sigma-Aldrich.
Sodium acetate (VWR France), hydroxylamine.HCl (VWR France), N,N-
diisopropylethylamine (DIPEA) (Sigma-Aldrich), lithium aluminum
hydride (Sigma-Aldrich), Fmoc—Met-Enkephain (Fmoc—Met-Enk) was
purchased from GeneCust Europe (Luxembourg). The 'H and 'C
NMR spectra were recorded on Bruker AC 200 P (200 and 50 MHz
for TH and '3C, respectively) or Bruker Avance-300 (300 and 75 MHz
for TH and '3C, respectively) or Bruker ARX 400 (400 and 100 MHz
for TH and '3C, respectively) spectrometers. Recognition of methyl,
methylene, methine, and quaternary carbon nuclei in 3C NMR spectra
rests on the J-modulated spin-echo sequence. Mass spectra were
recorded on a Bruker Esquire-LC. Analytical thin-layer chromatography
(TLC) was performed on Merck silica gel 60F,s, precoated glass
plates (0.25 mm layer). Column chromatography was performed on
Merck silica gel 60 (230-400 mesh ASTM). Tetrahydrofuran (THF)
was distilled from sodium/benzophenone ketyl and DMF was distilled
from calcium hydride, under a nitrogen atmosphere. All reactions
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involving air- or water-sensitive compounds were routinely conducted in
glassware, which was flame-dried under a positive pressure of nitrogen.

1. Bioconjugation of Neuropeptides

a) Synthesis and Characterization of SQ-NH,: 1’,2-trisnorsqualenamine
(SQ-NH,) was synthesized from 1,1”,2-trisnorsqualene aldehyde (SQ-
CHO)' that was readily available in a few reaction steps starting from
SQ by oxidation/reduction sequence. (See the Supporting Information
for the details.)

b) Biomodification of Met-Enk: In a typical peptide coupling
reaction, SQ-NH, (200 mg, 0.518 mmol) was reacted with Fmoc—
Met-Enk (206.4 mg, 0.259 mmol) in the presence of HATU (118.2 mg,
0.310 mmol), HOBt (47.5 mg, 0.310 mmol), and DiPEA (33.5 mg,
0.259 mmol) in anhydrous DMF for 48 h under nitrogen atmosphere
at RT. The progress of the reaction was monitored using TLC (eluent:
DCM/MeOH 90:10). After 72 h, 20% v/v piperidine was added and the
reaction mixture was stirred during 4 h and then concentrated under
reduced pressure. The crude product was rinsed (three times each) with
n-pentane, Et,O, and EtOAc in the respective order and then further
purified using a silica column. The pure product SQ-Met-Enk was
obtained with 55% of yield. '"H NMR (400 MHz, DMSO) &: 9.20 (broad s,
1H, OH), 8.20-8.06 (broad, 3H, 3NH), 7.63 (broad s, TH, NH), 7.23-7.25
(m, 4H, CHppe), 7.17 (m, TH, CHpye) 6.9 (d, J = 8.4 Hz, 2H, CHyy,), 6.67
(d,J = 8.4 Hz, 2H, CHy,), 5.10-5.02 (m, 5H, HC=C(CH3)), 4.58-4.48 (m,
TH, CHpye), 4.32-4.24 (m, TH, CHyer), 3.80-3.50 (m, 4H, 2 CHagy), 3.39
(m, TH, CHx,), 3.10-2.75 (m, 5H, CH,CH,CH,;NHCO, CHzpne, CHary),
2.41-2.35 (m, 2H, CH,CH,SCH3), 2.10-1.87 (m, 23H, =C(CH3)CH,CH.,
CH,CH,CH,NH, CH,CH,SCH;, CH,CH,SCH3), 1.62 (s, 3H, =C(CH3),),
1.54 (s, 15H, =C(CH;)CH,), 1.50-1.43 (m, 2H, CH,CH,CH,NH). 13C
NMR (75 MHz, DMSO) & 174.9 (C, CONH), 170.9 (C, CONH), 170.5
(C, CONH), 169.3 (C, CONH), 168.8 (C, CONH), 155.8 (C, COHy),
137.8 (C, Cpne), 134.4 (C, HC=C(CH3)), 134.3 (C, HC=C(CH)), 134.2
(C, HC=C(CH3)), 134.0 (C, HC=C(CH3)), 130.6 (C, =C(CH5),), 130.1
(2CH, CHomno 1)y 1292 (2CH, CHomho phe), 128.5 (C, Cry), 128.0
(2 CH, CHymeta phe)s 1262 (CH, CHoury pre), 1240 (3CH, HC=C(CH)),
123.9 (CH, HC=C(CH3)), 115.0 (2 CH, CHpew ), 563 (CH, CHyy),
54.1 (CH, CHppe), 52.1 (CH, CHye), 42.1 (CH,, CHagy), 42.0 (CHy,
CHaay), 392 (CH,, =C(CH3)CH,CH,), 39.1 (CH,, =C(CH3)CH,CH,),
382 (CH, CH,CH,CH,NHCO), 37.2 (CH, CHaphe), 363 (CH,,
CH,CH,CH,NHCO), 31.8 (CH, CH,CH,S), 29.6 (CH, CH,CH,S),
27.7 (2CH,, =C(CH3)CH,CH,), 27.3 (CH,, CH,CH,CH,NHCO), 26.2
(2CH,, =C(CH3)CH,CH,), 26.1 (CH,, =C(CH;)CH,CH,), 26.0 (CH,,
=C(CH;)CH,CH,), 25.4 (CH5, =C(CH),), 17.5 (CH5, =C(CH5)CH,), 15.8
(2CH3, =C(CH3)CH,), 15.7 (CH3, =C(CH3)CH,), 14.6 (CH5, SCH3). MS
(+ESI) m/z (96): 1005.6 (11) [M + Na + CH;CNJ*, 963.6 (15) [M + Na[*,
941.6 (100) [M + HJ"; HRMS (+ESI): calc. for C5;HgiNgOgS: 941.5938;
found 941.5983.

¢) Biomodification of Leu-Enk: In a similar reaction, SQ-NH, (100 mg,
0.259 mmol) was reacted with Fmoc—Leu-Enk (100.8 mg, 0.130 mmol)
in the presence of HATU (59.32 mg, 0.156 mmol), HOBt (23.89 mg,
0.156 mmol), and DiPEA (16.80 mg, 0.130 mmol) in anhydrous
DMF for 72 h under nitrogen atmosphere at RT. After 48 h, 20% v/v
piperidine was added and the reaction mixture was stirred during
4 h and then concentrated under reduced pressure. The progress of
the reaction was monitored using TLC (eluent: DCM/MeOH 90:10).
The crude product was rinsed (three times each) with n-pentane,
followed by Et,O and then further purified using a silica column. The
pure product SQ-Leu-Enk was obtained with 50% of yield. "H NMR
(400 MHz, MeOD) & 7.31-7.15 (m, 5H, CHppe), 7.11 (d, J = 8.5 Hz,
2H, CHogho 1), 6.78 (d, J = 8.5 Hz, 2H, CHupera 7y7), 5:21-5.05 (m, SH,
HC=C(CH3)), 4.64 (dd, J = 5.5 Hz, J = 8.8 Hz, 1H, CHpye), 4.33 (dd,
J =56 Hz, J = 9.0 Hz, TH, CH\..), 4.06 (dd, J = 6.9 Hz, | = 7.8 Hz,
TH, CHx,), 3.96 (d, J = 16.5 Hz, 1H, CHyqy), 3.89 (d, J = 16.7 Hz,
TH, CHaq), 3.79 (d, ) = 165 Hz, TH, CHagy), 3.76 (d, ) = 16.7 Hz,
TH, CHagy), 3.22-2.92 (m, 6H, CHary CHaphe, CH,CH,CH,NHCO),
2.14-192 (m, 18H, =C(CH;)CH,CH, CH,CH,CH,NHCO), 1.66
(s, 3H, =C(CHs),), 1.64-1.53 (m, 20H, =C(CH;)CH,, CH,CH,CH,NHCO,
CH,CH(CH5),, CH,CH(CH3),), 0.94 (d, J = 6.0 Hz, 3H, CH,CH(CH;),),
0.90 (d, J = 6.0 Hz, 3H, CH,CH(CH;),). 13C NMR (100 MHz, MeOD)
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5 1742 (CONH), 1733 (C, CONH), 171.5 (C, CONH), 171.4
(C, CONH), 171.0 (C, CONH), 158.3 (C, COHry,), 138.2 (C, Cppe), 135.9
(2C, HC=C(CHs3)), 135.8 (C, HC=C(CH5)), 135.2 (C, HC=C(CH5)), 132.0
(Cv HC:C(CH3)2), 131.5 (ZCHr CHortho Tyr)v 1303 (ZCHv CHorthc Phe)v
129.5 (2CH CHoneta phe)y 1278 (CH, CHpara phe), 126.1 (C, CHyy,), 126.0
(CH, HC=C(CH})), 125.5 (2CH, HC=C(CH5)), 125.4 (2CH, HC=C(CH)),
1169 (2CH, CHpme 1), 562 (CH, CHNHyp, or CHNHpy), 56.1
(CH, CHNHpe or CHNHyy,), 534 (CH, CHNH,), 43.7 (CHy,
CHaqy), 43.4 (CH,, CHygy), 42.0 (CH,, CH,CH(CH3),), 40.8 (3 CH,,
=C(CH3)CH,CH,), 40.2 (CH,, CH,CH,CH,NHCO), 38.6 (CH,, CHypre),
37.9 (CHz, NHCH,CH,CH, or CHayy), 37.8 (CHy, NHCH,CH,CH, or
CHary), 29.2 (2 CH,, =C(CH3)CH,CH,), 28.6 (CH;, NHCH,CH,CHS),
27.8 (CH,, =C(CH5)CH,CH,), 27.7 (CH,, =C(CH3)CH,CH;), 27.5 (CH,,
=C(CH3)CH,CH,), 25.9 and 25.8 (CH, CH5, CH,CH(CHs),, =C(CH3),),
234 (CH;, CH,CH(CH5),), 22.1 (CHs, CH,CH(CHs)), 17.7 (CHs,
=C(CH3)CH,) 16.1 (3 CHs, =C(CH3)CH,), 16.0 (CH;, =C(CH;)CH,).
MS (+ESI) m/z (9%): 945.6 (35) [M + NaJ*, 923.6 (100) [M + H]*; HRMS
(+ESI): calc. for CssHg3NgOg: 923.6374; found 923.6407. In an alternate
approach, SQ-NHS (180 mg, 0.359 mmol) was used to couple Leu-Enk
(100 mg, 0.178 mmol) through a typical amine-reactive crosslinking
chemistry in the presence of EtsN (0.25 mL, 0.18 mmol) in anhydrous
DMF for 72 h under nitrogen atmosphere at 50 °C. The progress of the
reaction was monitored using TLC (eluent: DCM/MeOH 90:10). The
crude product was rinsed (three times each) with n-pentane, followed by
Et,O and then further purified using a silica column. The pure product
SQ-Leu-Enk was obtained with 50% of yield. "H NMR (400 MHz,
MeOD) & 7.27-7.23 (m, 4H, 2Hprortho pher 2Harmeta phe), 7.19 (m, TH,
HAr-para Phe)v 7.04 (dv 2H, HAr-ortho Tyrvj =384 HZ): 6.70 (dv 2H, HAr-meta Tyn
J = 8.4 Hz), 5.13-5.08 (m, 5H, HC=C(CH3)), 4.67 (dd, TH, CHppe, J =
4.8 Hz, | = 9.2 Hz), 4.47 (m, TH, CHxy), 4,43 (m, TH, CH,,), 3.83 (m,
TH, CH,Hyay), 3.78 (m, 2H, CHyqy), 3.73 (m, TH, CH,Hyqy), 3.20 (dd,
TH, CH,Hpphe, | = 4.8 Hz, J = 14.5 Hz), 3.02 (m, TH, CH,Hyr,), 2.97 (m,
TH, CH,Hyphe), 2.85 (dd, TH, CH,Hyr,, J = 8.0 Hz, | = 14.0 Hz), 2.30 (m,
2H, CH,~CH,—CO), 2.18 (m, 2H, CH,~CH,~CO), 2.13-1.93 (m, 16H,
8CH,~HC = C(CH3)), 1.66 (m, 4H, HC=C(CHs), CH,~CH(CH3)jteu),
1.64 (m, 2H, CH,—CH(CHs)zen), 1.59 (s, 12H, 4HC=C(CH,)), 1.58
(s, 3H, HC=C(CHs)), 0.94 (d, 3H, CH;~CH(CH3)stew J = 6.2 Hz), 0.90
(d, 3H, CHy~CH(CH3)j1en J = 6.2 Hz). C NMR (75 MHz, MeOD) &
176.2 (CONH), 175.9 (CONH), 174.8 (CONH), 173.3 (CONH), 172.1
(CONH), 171.2 (CONH), 157.4 (Carpara 1)s 138.5 (Car phe), 1360
(BHC=C(CH,)), 1348 (HC=C(CH;)), 132.1 (HC=C(CH,);), 131.3
(ZCHAr-orthOTyr)' 130.4 (2CHAr-ortho Phe)v 128.9 (CArTyr)r 129.4 (ZCHAr-meta Phe)v
127.7 (CHarpara he)s 126.2 (HC=C(CH)), 125.6 (HC=C(CHs)), 125.5
(HC=C(CHs)), 1254 (2HC=C(CHs)), 1163 (2CHprmera 7)) 57.0
(CHryr), 55.9 (CHppe), 524 (CHie,), 43.9 (CHagy), 434 (CHagy), 41.7
(CHy=CH(CH3)ateu), 38.7 (CHaphe), 37.9 (CHary), 36.5 (CHp~CHo-
CO), 35.8 (CH,—CH,~CO), 29.2 (3CH,~HC=C(CH5)), 27.8 (3CH,~
HC=C(CH3)), 27.5 (CH,~HC=C(CH)), 26.2 (CH,~HC=C(CHj)), 25.9
(CHy-CH(CHy)zte,  HC=C(CH;)), 234 (CHz-CH(CH3)s1n), 219
(CH,~CH(CH3)p1e0), 17.7 (HC=C(CH3)), 16.2 (3HC=C(CH,)), 16.0
(HC=C(CH5)). MS (+APCl) m/z (%): 938.7 (100) [M + HJ¥, 920.6 (35),
807.7 (30); HRMS (+APCl): calc. for CssHggNsOg: 938.6001; found
938.6038.

d) Biomodification of EM-T: In a typical amine-reactive crosslinking
chemistry, SQ-NHS (163 mg, 0.327 mmol) was reacted with EM-1
(100 mg, 0.164 mmol) in the presence of Et;N (0.14 mL, 0.164 mmol)
in anhydrous DMF for 72 h under nitrogen atmosphere at 50 °C. The
progress of the reaction was monitored using TLC (eluent: DCM/
MeOH 90:10). After 48 h, the product was concentrated under reduced
pressure. The crude product was then purified using chromatography
over silica gel eluting with an increasing ratio of MeOH (from 0.5% to
10%) to obtain the pure SQ-EM-1 with 46% of yield and characterized by
"H NMR (400 MHz, MeOD): two isomers; major (75%) + minor (25%).
& 7.57 (m, TH, Haug 1p), 7.35-6.95 (M, 1TH, 5Ha, pher 2Harortho 10
4Hp 1p), 6.70 (d, 2H, Harmeta 10 J = 8.3 Hz Majo), 6.68 (d, 2H, Ha,.
meta Ty J = 8.3 Hz mino), 5.27-5.03 (m, 5H, HC=C(CHs)), 4.68-4.49
(m, 3H, CHryp, CHyy, CHppe), 443 (m, TH, CHpy, mino), 4,32 (m, TH,
CHp,, Majo), 3.66 (m, TH, CH,—~CH,—CH,H,-Np,, Majo), 3.52 (m, TH,
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CH,~CH~CH,Hy—Npo mino), 3.27-2.57 (m, 7H, CH,~CH,~CH,Hy—
Nproy CHarrp, CHazyn CHappe), 23-1.90 (m, 21H, 10 CH,~HC=C(CH;),
CH,Hy—CHp~CH,—Npyo), 1.78 (m, 2H, CHp~CHp—CH,—Npyo), 1.68 (m
TH, CH,Hy—CHy~CH,—Npy), 1.68-1.54 (m, 15H, HC=C(CH5)). MS
(+ESI) m/z (%): 1094.9 (24) [M + DMSO + Na]*, 1016.1 (100) [M + Na[*;
HRMS (+ESI): calc. for CgyHgN¢Og: 993.6212; found 993.6188.

e) Biomodification of EM-2: In a similar reaction as for EM-1, SQ-NHS
(174 mg, 0.35 mmol) was reacted with EM-2 (100 mg, 0.175 mmol) in
the presence of EtzN (0.2 mL, 0.175 mmol) in anhydrous DMF for 72 h
under nitrogen atmosphere at 50 °C. The progress of the reaction was
monitored using TLC (eluent: DCM/MeOH 90:10). After 48 h, the
product was concentrated under reduced pressure. The crude SQ-EM-2
was then rinsed (three times each) with n-pentane, followed by Et,O.
The pure product was obtained with 40% of yield and characterized
by 'TH NMR (400 MHz, MeOD). Two isomers; major (57%) + minor
(43%) & 7.3-7.15 (m, 10H, 5Ha, phe), 7.04 (d, 2H, 2Hpromno 7yr), 6.71
(dy 2H, 2Harmeta 0 J = 8.4 Hz majo), 5.23 (m, TH, HC=C(CHs) mino),
5.18-5.05 (m, 5H majo, 4H mino, HC=C(CH3)), 4.73-4.52 (m, 2H,
CHpher CHry), 4.48 (m, TH, CHppe), 4.34 (dd, TH majo, CHpy, J = 4.7
Hz, J = 8.3 Hz), 4.28 (dd, TH mino, CHp,,, J = 5.8 Hz, J =10.2 Hz), 3.69
(m, TH, CHp—CH,~CH,Hy—Np,o majo), 3.54 (m, TH, CH,~CH,—CH,Hy—
Npo mino), 3.32 (m, TH, CHp~CH,~CH,H,~Np,o), 3.25-2.6 (m, 6H,
2CH,phes CHaryy), 2.45-1.92 (m, 21H, 10 CHy~HC=C(CHs), CHoHy~CH,—
CHy—Npyo), 1.82 (m, 2H, CH,~CH,~CHy—Npyo), 1.73 (m, TH, CH,H,~
CHy~CHy—Npyo), 1.55-1.63 (m, 18H, SHC=C(CHj)). MS (+ESI) m/z (%):
1055.9 (5) [M + DMSO + NaJ*, 977.0 (100) [M + NaJ*; HRMS (+ESI):
calc. for CsgHgoNsOg: 954.6103; found 954.6075.

2. Preparation of NAs: 500 yL EtOH solution of SQ-neuropeptide
bioconjugates at a concentration of 2 mg mL™' was added dropwise to
1 mL of 5% dextrose aqueous solution under continuous stirring. The
solution became turbid upon addition of the SQ-bioconjugate. The
solvent was then evaporated using a rotavapor at =5 °C and 50 mbar.
The resulting self-assembled neuropeptides were characterized using
DLS and Zeta potential (Nano ZS, Malvern; 173° scattering angle at
25 °C) for primary evaluation about the size and surface charges. The
measurements were performed in triplicate following appropriate
dilution of the NAs in water (DLS) or 1 x 1073 m NaCl (Zeta potential).

3. Cryo-EM: 5 pL solution of SQ-neuropeptides was added to Lacey
Formvar/Carbon 300 mesh copper grids (Tedpella, CA, USA). The
specimens were frozen hydrated by plunge-freezing into a liquid ethane
slush in liquid nitrogen (LEICA EM CPC, Wien, Austria). The cryofixed
specimens were mounted into a Gatan cryoholder (Gatan, Inc., PA, USA)
for direct observation at —180 °C in a JEOL 2100HC cryo-EM operating at
200 kV with a LaB6 filament. Images were recorded in zero-loss mode with
a Gif Tridiem energy-filtered-CCD camera equipped with a 2k x 2k pixel-
sized chip (Gatan, Inc., PA, USA). Acquisition was accomplished with the
Digital Micrograph software (versions 1.83.842, Gatan, Inc., PA, USA).

4. Cell Proliferation Studies: Mia Paca-2 cells were defrosted and
grown in culture at 37 °C/5% CO, humidified chambers in cell culture
medium DMEM (Lonza), supplemented with 10% FBS, 2.5% horse
serum, and 0.5% PenStrep. The cells were passaged every two days
and cells at passage 3 or later were used for the experiments. For the
MTT experiments, cells were plated at 10 000 cells/well in 96-well plates
and were grown in culture for 24 h before adding the molecules for
the cytotoxicity test. After adding the drugs of interest at the respective
final concentrations, the cells were left in the incubator for 72 h until
performing the MTT procedure. In a typical experiment, the MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-
Aldrich) was prepared at 5 mg mL™". 20 pL of this solution was added to
each of the wells and incubated for 90 min at 37 °C/5% CO, atmosphere.
The cells were then removed from the incubator and the entire medium
containing the MTT reagent was aspirated. 200 yL of DMSO (prewarmed
to 55 °C) was added into each well and was agitated gently in a shaker.
The plates were read using a bottom-read plate reader (LT-5000MS ELISA
Reader, Labtech, East Sussex, UK) at A = 570 nm. In these experiments,
the first and last rows in the 96-well plates were filled only with PBS and
the well AT was used as the blank for the reading. Manta data analysis
software (associated with the instrument) was used for the read-outs.
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5. Immunostaining and Confocal Microscopy: Cells were seeded at
50 000 cells/well in a 6-well plate containing 22 mm glass coverslips.
After 72 h in culture, the cells were fixed with 4% paraformaldehyde in
phosphate buffer (PB), pH 7.4, for 20 min, washed (three times) with
PBS and treated with 0.2% Triton X-100 for 5 min. The cells were rinsed
(three times) with PBS and incubated in blocking solution (BSA) for 1 h,
followed by incubation in primary antibodies diluted in antibody dilution
buffer (1% BSA in 100 mL PBS) overnight at 4 °C. Cells were washed
three times in PBS, incubated in alexa-555 coupled secondary antibodies,
washed 3% in PBS, and mounted on glass slides. Rabbit polyclonal anti-
OGFr primary antibody (Proetintech, IL, USA) was used at a dilution of
1:25 and the secondary antibody (anti-Rabbit, highly cross-adsorbed 1gG;
Invitrogen, USA) was used at a dilution of 1:200. Before mounting, the
coverslips were incubated for 5 min with nuclear stain (Hoescht 33342,
Sigma Aldrich) at 1:1000 dilution and washed three times using PBS.
The stained samples (on glass coverslips) were mounted using geltol on
microscopic slides and sealed. In the case of Met-Enk treated cells, 50 x
107® m (final concentration) of Met-Enk was added to the cells after 48 h
in culture and then fixed 24 h later. Fluorescence images were recorded
on a TCS SP8 STED 3x microscope (Leica Microsystems, Mannheim,
Germany) in the confocal mode, using a Leica HC PL APO 100x/1.40
oil immersion objective. The samples were excited at A, 543 nm/A.n,
> 565 nm for observing the Alexa 555 tagged secondary antibodies and at
Aex 405 nm /A, 425-490 nm for the nuclear stain. The images were taken
in a sequential mode using Leica SP8 LAS AF software (version 3.6).

6. In Vivo Drug Treatments: The antitumor efficacy of SAME
NAs and their combination with Gem was investigated on the
human pancreatic carcinoma xenograft model Mia PACA-2. Briefly,
200 pL of the Mia PACA-2 cell suspension, equivalent to 1 x 107 cells,
were injected subcutaneously into nude mice toward the upper portion
of the right flank, to develop a solid tumor model. Tumors were allowed
to grow to a volume of =100 mm? before initiating the treatment. Tumor
length and width were measured with calipers, and the tumor volume
was calculated using the following equation: Vi = length x width?/2.
Tumor-bearing nude mice were randomly divided into seven groups of
seven each and all groups received intravenous injections of (i) 0.2 mL
of sterile saline daily (i.e., on days 0-4, 7, and 10), (ii) 7 mg kg™' Gem
on days 1, 4, 7, and 10, (iii) 15 mg kg™' Met-Enk on days 0-4, 7, and 10,
(iv) SAME NAs (15 mg kg™ eq. Met-Enk) on days 0-4, 7, and 10, (v)
15 mg kg™' Met-Enk on days 04, 7, and 10 and 7 mg kg™’ Gem on days
1, 4,7, and 10, (vi) SAME NAs (15 mg kg™' eq. Met-Enk) on days 04, 7,
and 10 and 7 mg kg™' Gem on days 1, 4, 7, and 10, and (vii) 5 mg kg™
SQ NAs daily (i.e., on days 04, 7, and 10). On the days when both drugs
were given together, SAME NAs or Met-Enk was administrated first,
immediately followed by Gem injection. The injected volume was 10 uL g™
of the body weight. The mice were monitored regularly for changes in
tumor size and weight.
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